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Summary
Background: The molecular reorganization of signaling
molecules after T cell receptor (TCR) activation is ac-
companied by polymerization of actin at the site of con-
tact between a T cell and an antigen-presenting cell
(APC), as well as extension of actin-rich lamellipodia
around the APC. Actin polymerization is critical for the fi-
delity and efficiency of the T cell response to antigen.
The ability of T cells to polymerize actin is critical for sev-
eral steps in T cell activation including TCR clustering,
mature immunological synapse formation, calcium flux,
IL-2 production, and proliferation. Activation of the
Rac GTPase has been linked to regulation of actin poly-
merization after TCR stimulation. However, the mole-
cules required for TCR-mediated actin polymerization
downstream of activated Rac have remained elusive.
Here we identify a novel role for the Abi/Wave protein
complex, which signals downstream of activated Rac,
in the regulation of actin polymerization and T cell acti-
vation in response to TCR stimulation.
Results: Here we show that Abi and Wave rapidly trans-
locate from the T cell cytoplasm to the T cell:B cell con-
tact site in the presence of antigen. Abi and Wave coloc-
alize with actin at the T cell:B cell conjugation site.
Moreover, Wave and Abi are necessary for actin poly-
merization after T cell activation, and loss of Abi proteins
in mice impairs TCR-induced cell proliferation and IL-2
production in primary T cells. Significantly, the impair-
ment in actin polymerization in cells lacking Abi proteins
is due to the inability of Wave proteins to localize to the
T cell:B cell contact site in the presence of antigen,
rather than the destabilization of the components of
the Wave protein complex.
Conclusions: The Abi/Wave complex is a novel regula-
tor of TCR-mediated actin dynamics, IL-2 production,
and proliferation.
Introduction
T cell activation after presentation of antigen to the T cell
receptor (TCR) involves reorganization of signaling
*Correspondence: pende014@mc.duke.edumolecules in the cell membrane and cytosol, leading to
the formation of the immunological synapse (IS) at the
T cell:antigen-presenting cell (APC) contact site. The
molecular reorganization of signaling molecules during
synapse formation is accompanied by polymerization
of actin at the T cell:APC contact site and extension of
actin-rich lamellipodia around the APC [1, 2]. The ability
of T cells to polymerize actin is critical for several steps
in T cell activation including TCR clustering, mature
synapse formation, calcium flux, IL-2 production, and
proliferation [2–4]. Ultimately, actin reorganization is
crucial for the fidelity and efficiency of the T cell re-
sponse [1, 4].
Historically, the regulation of actin polymerization in
T cells has been attributed to the Wiskott-Aldrich syn-
drome protein (WASp) [2]. However, because actin poly-
merization at the T cell:B cell interface or after TCR cap-
ping can proceed in WASp knockout mice [5, 6], it is
clear that additional, unidentified pathways are required
for activation of Arp2/3 and actin polymerization in
T cells. WASp is the founding member of a protein family
that also includes N-WASp and the Wave proteins
(Wave1, 2, and 3) [7]. These proteins are highly con-
served at the C terminus, which contains the verprolin,
cofilin, and acidic (VCA) domain responsible for binding
to actin monomers and the Arp2/3 actin nucleating com-
plex of proteins [7]. The regulatory, N-terminal regions of
the WASp family proteins are more divergent but contain
similar basic domains and polyproline regions. The
mechanisms for regulation of WASp are distinct from
those of Wave proteins. WASp and N-WASp are acti-
vated by the interaction of Cdc42 with a Cdc42/Rac in-
teracting and binding (CRIB) domain, releasing the auto-
inhibitory conformation of WASp proteins [7]. WASp and
N-WASp are similarly activated by interactions with
phosphatidylinositol (4,5) bisphosphate (PtdIns(4,5)P2)
and SH3 domain-containing proteins, which bind to
the basic and polyproline regions of WASp/N-WASp, re-
spectively [7]. In contrast, Wave proteins are not auto-
inhibited in vitro, and the basic domain does not bind
either F-actin or PtdIns(4,5)P2 [7]. Furthermore, while
WASp proteins are activated by directly binding Cdc42,
Wave proteins, which transmit signals downstream of
Rac, do not contain a CRIB domain, and are thus acti-
vated indirectly by Rac [7]. Recent findings revealed
that the activity of the Wave proteins is controlled by
a protein complex that regulates Wave localization, sta-
bility, and association with Rac [7, 8]. Sra1 (or the related
PIR121) binds directly to activated Rac, linking the entire
complex to upstream activation signals [7]. The Hem fam-
ily adaptors, Hem1 and Hem2 (also known as Nap1), bind
directly to Sra1/PIR121 and to Abi1 or Abi2 in the com-
plex. In turn, the Abi proteins link this complex to
Wave1 or Wave2 [7, 8], thereby coupling activated Rac
signaling to activation of the Arp2/3 actin nucleation fac-
tor. To date, the roles of the Abi/Wave complex in TCR-
mediated actin polymerization and signaling have not
been addressed.
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Wave1/2, Hem1/2 (Nap1), and Sra1/PIR121 has been
shown to be essential for regulation of actin polymeriza-
tion in response to activated Rac and after activation of
platelet-derived growth factor (PDGF) receptor and in-
tegrins [9, 10]. However, the mechanism by which the
complex activates the actin regulatory function of
Wave remains somewhat controversial. In vitro reconsti-
tution studies with purified proteins showed that the
complex dissociates in the presence of activated Rac,
thereby activating Wave [7]. In contrast, more recent in
vivo studies have shown that the integrity of the com-
plex is insensitive to activated Rac or growth factor
stimulation [9, 10]. Further, it was shown that all four
complex components are positive regulators of actin
polymerization and are each required to properly target
the complex to the leading edge [7–11], thereby regulat-
ing the localized function of the complex. Moreover, the
integrity of the complex has been shown to be critical to
the stability of Wave in fibroblasts, epithelial, and mela-
noma cells, as loss of Abi1, Hem1/2, or Sra1/PIR121 pro-
teins results in degradation of the Wave protein and in-
hibition of actin polymerization [7, 8].
Abi1 and Abi2, which constitute the core of the Wave
complex [9, 10], were originally cloned as binding part-
ners and substrates for the c-Abl and Arg tyrosine
kinases [12, 13]. Abi proteins are adaptor proteins com-
prised of multiple protein-protein interaction domains
including a soluble N-ethylmaleimide-sensitive fusion
protein attachment protein receptor (SNARE) domain,
a Wave binding (WAB) domain, a domain similar to ho-
meodomain proteins, proline-rich sequences, and an
SH3 domain [12, 14]. We showed that Abi1 and Abi2 lo-
calize to sites of dynamic actin polymerization, including
lamellipodia and filopodia in migrating cells and adher-
ens junctions of epithelial cells, where they mark sites
of de novo actin polymerization in puncta/adhesion zip-
pers [8, 14, 15]. Studies interfering with Abi1 function by
use of anti-Abi1 antibodies or small interfering (si) RNA-
mediated knockdown showed that Abi1 is required for
PDGF-induced membrane ruffling and lamellipodial pro-
trusion [10, 16] and that Abi1 regulates actin polymeriza-
tion as a component of the Wave protein complex [7]. A
role for Abi2 in actin dynamics is supported by the ob-
servations that Abi2 null mice exhibit defective morpho-
genesis of the eye lens and abnormal dendritic spines
and that siRNA-mediated knockdown of Abi1 and Abi2
impairs adherens junction formation [15]. Collectively,
these observations support a role for Abi proteins as
regulators of Rac-dependent actin dynamics.
Here we reveal a novel mechanism for regulation of
actin at the T cell:B cell contact site by the Abi and
Wave proteins. We show that Abi and Wave colocalize
with actin at the contact site between T cells and
APCs. Further, we show that both Abi and Wave are re-
quired for actin polymerization after T cell activation and
that Abi proteins regulate actin polymerization in T cells
by modulating the recruitment of Wave to the IS, rather
than by regulating the stability of Wave and other com-
plex components. Significantly, primary T cells derived
from Abi1/Abi2-deficient mice exhibit decreased TCR-
mediated IL-2 production and proliferation. Together,
these data demonstrate for the first time a role for the
Abi/Wave complex in TCR-mediated T cell activation.Results
Localization of Abi Proteins to Sites of Actin
Reorganization in T Cells
To begin to define the role of Abi proteins in dynamic cy-
toskeletal regulation in T lymphocytes, we examined the
localization of EYFP-tagged Abi1 in spreading Jurkat T
cells plated on immobilized anti-CD3 [17] (Figure 1A
and Movie S1 in the Supplemental Data available with
this article online). Within 30–60 s after plating onto
CD3-coated coverslips, EYFP-Abi1 localized specifi-
cally to the cellular leading edge and continued to dy-
namically translocate with the leading edge as spread-
ing continued (Figures 1A–1C). Enhanced levels of
EYFP-Abi1 (green) correlated with leading edge protru-
sion (at 6.3 s and at 31.5–44.1 s), while the EYFP-Abi1
signal dissipated during cellular retraction (at 12.6–
25.2 s) (Figure 1B; red indicates initial localization of
EYFP-Abi1 overlaid with time-lapsed movement of
EYFP-Abi1 pseudocolored green). The reduction in the
level of EYFP-Abi1 at sites of retraction is similar to
that which we previously observed in B16F1 melanoma
cells spreading on either laminin or fibronectin [14]. Fur-
ther, EYFP-Abi1 clustering, at what may be sites of TCR
activation [18], appeared to precede lamellipodial exten-
sion (Figure 1C). It is noteworthy that this localization of
EYFP-Abi1 is distinct from that previously observed for
other regulators of the T cell actin cytoskeleton, includ-
ing WASp, which initially localizes in clusters with the
TCR, and then shifts to a diffuse circumferential ring,
but never colocalizes with the advancing leading edge
[18, 19]. These results indicate that Abi1 localizes to
the leading edge of T cells in response to TCR stimula-
tion with unique and dynamic characteristics corre-
sponding to movement of the leading edge.
We have shown that TCR-rich clusters arise in associ-
ation with the leading edges of T cells spreading on anti-
CD3-coated coverslips. These newly formed clusters
are the primary sites of tyrosine kinase-dependent sig-
naling downstream of the TCR [18]. We examined the
localization of Abi proteins in relation to the phosphotyr-
osine-rich clusters induced by TCR ligation and ob-
served that most of the phosphotyrosine-rich clusters
were central to a peripheral ring of Abi1 (Figure 1E).
However, in some cases, phosphotyrosine colocalized
with Abi1 at the leading edge (Figure 1E). Our data sug-
gest that Abi1 transiently colocalizes with nascent TCR
clusters but rapidly moves away from these clusters
with the advancing leading edge.
In addition to its localization to the leading edge (Fig-
ure 1) [8, 14], we have observed enhanced localization of
both Abi1 and Abi2 at sites of epithelial cell-cell contacts
or adherens junctions [15]. To determine whether Abi
proteins are present at the contact site between T cells
and B cells, Jurkat T cells were mixed with Nalm-6 B
cells that had been untreated or pulsed with the super-
antigen Staphylococcus Endotoxin E (SEE), and the lo-
calization of endogenous Abi1 and Abi2 was examined
by immunofluorescence. Both Abi1 and Abi2 exhibited
a diffuse cytoplasmic staining pattern in the absence
of SEE and in unconjugated cells (Figure 2A and data
not shown). In contrast, in the presence of antigen,
Abi1 and Abi2 localized to the T cell:B cell contact site
(Figure 2A). The localization of Abi1 and Abi2 at the
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37Figure 1. EYFP-Abi1 Localizes to the Leading Edge of Spreading T Cells
(A) EYFP-Abi1-expressing cells were plated on anti-CD3-coated coverslips, and confocal images of the T cell-coverslip interface were acquired
every 6.3 s for 5 min. Images are presented as a mosaic with time advancing from left to right, then down. Image capture was initiated within 30–
60 s of plating. The white scale bars correspond to a length of 10 mm.
(B and C) To emphasize the correspondence between the recruitment of Abi to leading edges and the extension of lamellipodia, images of EYFP-
Abi at later time points (green) were overlaid onto images of EYFP-Abi at earlier time points (red). Image capture was initiated within either 30–60 s
(B) or 10–12 min (C) after plating the responding T cells. These images are presented as a mosaic with time advancing from left to right, with the
green images advancing at a rate of 6.3 s per panel.
(D) Cells stably expressing EYFP-Abi1 wild-type (top), EYFP-Abi1 D3-32 (middle), and EYFP-Abi1 D1-55 (bottom) were sorted by FACS for high-
level expression, plated, and imaged as in (A), above. Images advance from left to right with intervals of 1 min.
(E) EYFP-Abi1-expressing cells were plated as in (A), above, fixed after 5 min, stained for phosphotyrosine (pY-100, IgG1), and labeled with an
Alexa647-conjugated secondary antibody. Five representative fields are shown. Bars correspond to a length of 10 mm throughout the figure.contact site was confirmed by colocalization with actin
(Figure 2B), which is enriched at the T cell:B cell inter-
face [1].
We next examined whether Abi1 binding to the actin-
regulatory Wave complex was required for Abi1 localiza-
tion to the T cell:B cell contact site. Jurkat T cell lines
stably expressing various EYFP- or EGFP-tagged Abi1
proteins were conjugated with SEE-pulsed Nalm-6 B
cells. In accordance with our results with endogenous
Abi1 protein (Figure 2B), wild-type EYFP-Abi1colocalized with actin at the T cell:B cell contact site
(Figure S1). In contrast, Abi1 proteins with a deletion of
the SNARE domain or amino acids 1–55 and 3–32, which
include regions of Abi that are required for Wave binding
[8], remained cytoplasmic and failed to accumulate ex-
clusively at the contact site upon conjugation with
SEE-pulsed B cells (Figure S1). Moreover, Abi1D1-55
and Abi1D3-32 failed to localize to leading edges of T
cells spreading on anti-CD3-coated coverslips (Fig-
ure 1D and Movies S2–S4). Interestingly, Abi1 proteins
Current Biology
38Figure 2. Abi Proteins Are Recruited to the T Cell:B Cell Synapse and Colocalize with Actin
(A) Jurkat T cells (green) were incubated for 15 min with Nalm-6 B cells (blue) that had been pulsed with (+) or without (2) SEE. Cells were plated
onto poly-L-lysine-coated coverslips, fixed, and stained with antibodies against Abi1 (top) or Abi2 (bottom) (red).
(B) Unlabeled Jurkat T cells were incubated with SEE-loaded Nalm-6 cells (blue) as in (A) and then stained with the indicated antibodies (green)
and rhodamine-conjugated phalloidin to visualize actin (red).that have lost Wave binding exhibit enhanced accumu-
lation in a perinuclear clump relative to wild-type Abi1.
Notably, T cells expressing these Abi1 mutant proteins
exhibited impaired lamellipodia formation. These results
are consistent with our previous data showing that local-
ization of Abi proteins to the leading edge of B16F1 mel-
anoma cells and fibroblasts requires N-terminal se-
quences encompassing the WAB and SNARE domains
[8, 14] and that Abi mutants that cannot bind Wave do
not reach the leading edge [8]. Additionally, we ob-
served that a YFP-Abi1 fusion protein encompassing
amino acids 1 to 145, which contains the Wave binding
and SNARE domains, localized to the T cell:B cell con-
tact site in the presence of antigen (Figure S1). Taken
together, these results demonstrate that both Abi1 and
Abi2 localize with actin at the T cell:B cell contact site
and suggest that this localization requires in part Wave
binding.
Localization of Wave1 and Wave2 at the T Cell:B Cell
Contact Site
Because Wave binding is critical for Abi localization, we
next examined whether Wave proteins also localized to
the T cell:B cell contact site (Figure 3). We observed that
both Wave1 and Wave2 are expressed in Jurkat T cells
(Figures 3–5) and that both proteins underwent a change
from diffuse cytoplasmic distribution in unconjugated
cells or in the absence of SEE to a marked accumulation
at the T cell:B cell contact site in the presence of SEE
(Figure 3A). These results demonstrate that both Wave1
and Wave2 are expressed in T cells and that they local-
ize at the T cell:B cell contact site in an antigen-dependent manner. Moreover, both Wave1 and Wave2
colocalized with Abi1 at the contact site after T cell:B
cell conjugation in the presence of SEE (Figure 3B). To-
gether, these results indicate that Abi and Wave colocal-
ize with actin at the T cell:B cell contact site and suggest
that the Abi/Wave actin regulatory complex exists in
T cells.
The Abi-Wave Actin-Regulatory Complex
Is Constitutively Present in T Cells
Abi and Wave proteins are part of a multiprotein complex
known to regulate actin polymerization in fibroblast, epi-
thelial, and melanoma cells [9, 10, 15]. This complex is
comprised of Abi1/2, which directly links Wave1/2 to
Hem1/2 (Nap1), which in turn binds to the Rac-GTP bind-
ing protein Sra1/PIR121 (see model Figure 4B). Because
there are three different Wave genes and two Hem family
members in mammals, we first examined the expression
of Wave and Hem family members in T cells by reverse
transcriptase-polymerase chain reaction (RT-PCR). As
shown in Figure 4A, Wave2 is the predominant Wave fam-
ily member in Jurkat T cells, followed by Wave1, which is
moderately expressed, and then by Wave3, which is
weakly expressed. These results were confirmed by
real-time RT-PCR (Figure S2). Notably, Wave2 is the
only Wave family member expressed in primary mouse
thymocytes, as Wave1 and Wave3 were undetectable
by both standard and real-time RT-PCR (Figure 4A and
Figure S2). Analysis of the expression of Hem1 and
Hem2 (Nap1) in T cells showed that Hem1 is the predom-
inant Hem family member in both Jurkat T cells and pri-
mary mouse thymocytes (Figure 4A and Figure S2).
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39Figure 3. Wave1 and Wave2 Proteins Localize to the T Cell:B Cell Conjugation Site with Abi1
(A) Jurkat T cells (green) were conjugated for 15 min with Nalm-6 B cells (blue) that had been loaded with (+) or without (2) SEE. Conjugates were
fixed and stained for Wave1 (left) or Wave2 (right) (red).
(B) Jurkat T cells were incubated with Nalm-6 B cells (blue) in the absence or presence of SEE, as above. Cells were plated, fixed, and stained with
anti-Abi1 (red) and either anti-Wave1 or Wave2 (green) antibodies as indicated.However, Hem2 (Nap1) is also expressed in both human
Jurkat T cells and primary mouse thymocytes, albeit to
lower levels than Hem1. Thus, multiple members of the
Wave and Hem, as well as Abi, protein families are ex-
pressed in T cells.
Next, we examined the integrity of the Wave protein
complex in unstimulated and stimulated T cells by coim-
munoprecipitation of endogenous proteins by using
specific antibodies. In unstimulated T cells, both Abi1
and Abi2 coimmunoprecipitated with Wave1 and Wave2
(Figure S3A). Conversely, anti-Wave1 immunoprecipi-
tates contained Abi1, as well as Hem1/2 proteins (Fig-
ure S3B). Furthermore, the proteins appeared to be con-
stitutively associated, as the levels of Wave1, Sra1, and
Hem1/2 proteins in anti-Abi1 immunoprecipitates were
not altered after stimulation of Jurkat T cells with anti-
CD3 (Figure 4C and data not shown). Similar results
were obtained by analysis of Abi1 protein in anti-
Wave1 immunoprecipitates (data not shown). Theseresults are in agreement with previous reports that
showed that the constitutively associated complex
was unaltered after growth factor stimulation or in the
presence of activated Rac [9, 10]. Further, we observed
that both Wave1 and Abi1 were present in anti-Sra1 im-
munoprecipitates (Figure S3C), and we identified both
the Sra1-related PIR121 and Hem1 in Abi1 immunopre-
cipitates by mass spectrometry, indicating that these
proteins can also form a stable complex with Abi1 in T
cells (data not shown). Overall, these results show that
the actin regulatory complex comprised of Wave1/2,
Abi1/2, Hem1/2, and Sra1/PIR121 is present constitu-
tively in T cells and is unaltered after TCR stimulation.
Requirement for Wave in Regulation of Actin
Polymerization in T Cells
We next examined whether Wave proteins were re-
quired for actin polymerization at the T cell:B cell con-
tact site by using siRNA oligo-mediated knockdown of
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40Figure 4. The Wave-Abi Actin-Regulatory Complex Exists Constitutively in T Cells
(A) RT-PCR analyses of expression levels of Hem1, Hem2/Nap1, Wave1, Wave2, and Wave3, and the control genes 36B4 (human) and b2-micro-
globulin (mouse) in Jurkat (human) and primary (mouse) T cells. RT-PCR reactions were performed with 5-fold dilution of cDNAs from left to right,
with sets of primers specific for the indicated transcripts. Control cDNA for human cells was a mixture of Jurkat T and 293T cell cDNAs; for murine
cells, a mixture of brain, E14.5 embryo, fibroblast, and T cell cDNAs were employed.
(B) Schematic representation of the protein-protein interactions in the Abi/Wave complex.
(C) Lysates from unstimulated or anti-CD3-stimulated Jurkat T cells were immunoprecipitated (IP) with normal rabbit serum (NRS) or anti-Abi1
antibodies as indicated. Immunoprecipitates were analyzed by Western blotting with the indicated antibodies.Wave1 and Wave2 (Figure 5). Wave1 and Wave2 were
knocked down by siRNA individually and together, as
these proteins may exhibit redundant functions [20]. In-
deed, knockdown of both molecules produced moresevere deficits in actin polymerization than that seen in
cells in which expression of only one protein was re-
duced (Figures 5C and 5D). Both Wave1 and Wave2
were downregulated in cells transfected with theFigure 5. Wave Proteins Are Required for Actin Reorganization in Jurkat T Cells
(A) Jurkat T cells transfected with control (CTL) siRNA or siRNAs specific for Wave1 or Wave2 (SMARTpool) were conjugated for 15 min with
Nalm-6 B cells that had been loaded with (+) or without (2) SEE. Conjugates were plated onto poly-L-lysine-coated coverslips, fixed, and stained
for actin with rhodamine-conjugated phalloidin.
(B) Lysates from control (CTL), Wave1, Wave2, and Wave1+Wave2 siRNA-transfected Jurkat cells were analyzed by Western blotting with the
indicated antibodies. Lysates were also blotted with anti-b-tubulin as a control for protein loading.
(C and D) The integrated intensity (C) and area (D) of actin staining at the contact site of conjugates prepared as in (A) were analyzed. Results
represent the mean 6 SEM. Asterisk represents statistically significant differences between wild-type and knockdown cells, *p < 0.05.
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down of Wave1 results in upregulation of Wave2 (Fig-
ure 5B). Therefore, double knockdown of both Wave1
and Wave2 was required to efficiently downregulate
Wave protein expression in T cells (Figure 5B). Jurkat
T cells transfected with siRNAs against Wave1 and
Wave2 and conjugated with SEE-pulsed B cells dis-
played greatly reduced actin staining at the T cell:B
cell contact site compared to that observed in T cells
transfected with control siRNA (Figure 5A). Notably,
the intensity of actin staining in the Wave1/2 knockdown
cells was very similar to that observed in Jurkat cells
conjugated with unpulsed Nalm-6 B cells (Figure 5A).
To quantitatively determine the effect of Wave1/2 pro-
tein knockdown on actin polymerization, we measured
the intensity (Figure 5C) and area (Figure 5D) of actin
staining at the T cell:B cell interface. Both the fluores-
cence intensity and area of actin staining were signifi-
cantly reduced in cells transfected with Wave1 or
Wave2 siRNAs, and knockdown of Wave1 and Wave2
together inhibited actin polymerization to a greater ex-
tent than single knockdown of either molecule alone
(Figures 5C and 5D). Similar results were obtained with
different Wave1 and Wave2 siRNAs (data not shown).
These results demonstrate that the Wave1 and Wave2
proteins are required for actin polymerization in T cells
in response to stimulation with antigen-loaded B cells.
Abi Proteins Are Required for Actin Polymerization
at the T Cell:B Cell Contact Site
We next determined whether the Abi proteins were re-
quired for actin polymerization in T cells. To this end,
we examined whether siRNA-mediated knockdown of
Abi1 and Abi2 affected actin polymerization in Jurkat T
cells. As shown in Figure 6A, single or double knock-
down of Abi1 and Abi2 results in a severe impairment
in actin polymerization in Jurkat T cells in response to
stimulation with antigen-pulsed B cells. Quantification
of the inhibitory effect of Abi protein loss showed that
both the fluorescence intensity and area of actin staining
were markedly decreased in cells with reduced levels of
Abi1 and Abi2 (Figures 6B and 6C). Thus, the effect of
Abi protein loss on actin polymerization in Jurkat T cells
phenocopies the consequences of Wave protein knock-
down in the same cells. To determine whether loss of Abi
proteins in primary T cells has a negative effect on actin
polymerization, we utilized primary T cells isolated from
spleens of abi1+/2abi22/2 mice. We were unable to uti-
lize cells from mice with a homozygous deletion of
both abi genes, as homozygous deletion of abi1 results
in an embryonic lethal phenotype with mice dying
before day E9.5 (C.R. and A.M.P., unpublished data). T
cells were examined for the ability to cap actin in re-
sponse to anti-CD33 crosslinking of the TCR. Engage-
ment of the TCR on primary splenic T cells derived
from abi1+/2abi22/2 mice resulted in marked reduction
of actin polymerization compared to wild-type primary
T cells (Figure 6D). Similar results were obtained with T
cell blasts prepared from spleens of wild-type and
abi1+/2abi22/2 mice (data not shown). These results
were not due to altered numbers of TCRs expressed
on T cells isolated from abi1+/2abi22/2mice, as the level
of surface TCR expression was unchanged relative to
that observed in control T cells (Figure S4). Becauseactin dynamics has been linked to the regulation of en-
docytosis of cell-surface receptors, we also examined
whether reduced Abi expression affected endocytosis
of the TCR. Downregulation of both Abi1 and Abi2 in Ju-
rkat T cells did not affect TCR endocytosis relative to
that observed in control cells (Figure S5). Consistent
with this finding, we did not find any changes in TCR en-
docytosis in abi1+/2abi22/2 primary mouse T cells com-
pared to that observed in wild-type controls (data not
shown). These results demonstrate that Abi proteins
are required for maximal actin polymerization in T cells
after TCR stimulation.
Abi Proteins Regulate Actin Polymerization
at the IS by Modulating Wave Recruitment
To define the mechanism whereby loss or downregula-
tion of Abi proteins impairs actin polymerization in T
cells, we first examined whether the stability of Wave
and other components of the complex is dependent on
the expression of Abi proteins in these cells. It has
been shown that knockdown of Abi1 in HeLa and Dro-
sophila S2 cells destabilizes Wave and other complex
components [10, 11]. In contrast, knockdown of Abi1,
Abi2, or both Abi1 and Abi2 in human Jurkat T cells did
not significantly affect the stability of Hem1/2 (Nap1),
PIR121/Sra1, Wave1, or Wave2 (Figure 7A). Similarly,
the stability of the entire Wave complex was unaffected
by downregulation of Abi1 and loss of Abi2 in primary
thymocytes from abi1+/2abi22/2mice (Figure S6). More-
over, knockdown of Wave proteins in Jurkat T cells did
not affect Abi1 or Abi2 protein levels (Figure S7A).
Thus, in contrast to the observations in fibroblasts,
HeLa, and melanoma cells [7], the stability of individual
components of the Wave protein complex in T cells is
not dependent on the expression of other members of
the complex.
Next, we examined whether decreased Abi protein
levels in T cells may affect actin polymerization at the
IS by regulating the recruitment of Wave proteins to
this site. As shown in Figure 7B, both Wave1 and
Wave2 fail to translocate to the T cell:B cell contact
site after conjugation of T cells deficient for Abi1, Abi2,
or Abi1 + Abi2, with antigen-loaded B cells. The require-
ment for an intact Abi/Wave complex for efficient actin
polymerization at the IS is further supported by the se-
vere impairment of Abi1 and Abi2 accumulation at the
T cell:B cell contact site after conjugation of Wave1/2-
deficient T cells with antigen-loaded B cells (Figure S7B).
Together, our data reveal that regulation of actin poly-
merization by the Abi/Wave complex in T cells occurs
by affecting the recruitment of the complex to the IS in
response to stimulatory cues, rather than by regulation
of protein stability of complex components.
Abi Proteins Play a Role in TCR-Mediated
IL-2 Production and Proliferation
Polymerization of actin after TCR stimulation is neces-
sary for sustained T cell signaling leading to transcrip-
tion and proliferation [2–4]. Thus, we next determined
whether the reduction in TCR-induced actin polymeriza-
tion observed in the abi1+/2abi22/2 T cells correlated
with altered T cell function. No defects in T cell develop-
ment or maturation were observed in abi1+/2abi22/2
mice, as the profiles for CD4 and CD8 expression on
Current Biology
42Figure 6. Abi Proteins Are Required for Actin Reorganization in T Cells
Jurkat T cells were transfected with siRNAs to Abi1, Abi2, Abi1+Abi2, or Control (CTL) by Amaxa nucleofection.
(A) Jurkat T cells (labeled T) were incubated for 15 min with Nalm-6 B cells (labeled B) that had been pulsed with (+) or without (2) SEE. Cells were
plated onto poly-L-lysine-coated coverslips, fixed, and stained with rhodamine-conjugated phalloidin to visualize actin.
(B and C) The integrated intensity (B) and area (C) of actin staining at the contact site of conjugates prepared as in (A) were analyzed. Results
represent the mean 6 SEM from the indicated number (n) of samples. Asterisk represents statistically significant differences between wild-
type and knockdown cells, *p < 0.01.
(D) Abi proteins are required for maximal actin polymerization in primary T cells. Primary T cells purified from spleens of wild-type or
abi1+/2abi22/2 mice were either unstimulated (solid line) or stimulated with anti-CD33 (broken line) for 1 min. Cells were fixed and stained
with Alexa 488-conjugated phalloidin. Actin content was quantified by FACS. Results are representative of five independent experiments.both splenic T cells and thymocytes isolated from the
knockout mice were unaltered relative to those on cells
isolated from wild-type animals (data not shown). In this
regard, it is known that mice lacking other actin-regula-
tory proteins such as WASp, PKCq, and Rac2, do not ex-
hibit abnormal T cell development, yet have impaired re-
sponsiveness to TCR stimulation [21–23]. Therefore, wenext examined the ability of primary splenic T cells to re-
spond to TCR activation. TCR-induced proliferation of
splenic T cells from abi1+/2abi22/2 mice was reduced
approximately 60% relative to that of T cells derived
from control abi1+/+abi2+/2 mice (Figure 8A). Similar re-
sults were obtained with wild-type (abi1+/+abi2+/+)
mice as controls (Figure 8B and data not shown), and
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43Figure 7. Abi Proteins Regulate Wave Recruitment to the T Cell:B Cell Contact Site, without Affecting the Stability of the Wave Protein Complex
(A) Jurkat T cells were transfected with siRNAs to Abi1, Abi2, Abi1+Abi2, or Control (CTL) by Amaxa nucleofection. After 72 hr, cells were lysed
and analyzed by Western blotting with the indicated antibodies.
(B) Jurkat T cells transfected with the indicated siRNAs were incubated for 15 min with Nalm-6 B cells that had been pulsed with (+) or without (2)
SEE. Cells were plated onto poly-L-lysine-coated coverslips, fixed, and stained with antibodies specific for Wave1 (left) or Wave2 (right).the effect was statistically significant at all doses of anti-
CD33 examined. Addition of exogenous IL-2 enhanced
the proliferative response of Abi-deficient T cells upon
TCR stimulation, indicating that the abi1+/2abi22/2
T cells did not have an inherent defect in cell proliferation
(Figure 8B). These results suggested that although the
abi1+/2abi22/2 T cells can respond to IL-2, they mightbe impaired in their ability to produce the cytokine.
Thus, we next examined the ability of abi1+/2abi22/2
T cells to produce IL-2 in response to TCR stimulation.
Anti-CD3-mediated IL-2 secretion by abi1+/2abi22/2 T
cells was markedly reduced compared to that observed
in wild-type T cells (Figure 8C). Notably, addition of in-
creasing amounts of exogenous IL-2 (up to 10 ng/ml)Figure 8. Abi Proteins Are Required for TCR-
Induced Cell Proliferation and IL-2 Produc-
tion in Primary T Cells
(A) Purified primary splenic T cells isolated
from mice with the indicated genotypes
were unstimulated or stimulated with the indi-
cated concentrations of plate bound anti-
CD3e for 48 hr, and proliferation was mea-
sured by 3H-thymidine incorporation.
(B) Purified splenic T cells were isolated and
stimulated as in (A) with 1 mg/ml anti-CD33
in the absence or presence of recombinant
IL-2 (2.5 ng/ml). Results represent the mean
incorporation of 3H-thymidine 6 SD of tripli-
cate samples and are representative of three
independent experiments.
(C) Purified splenic T cells isolated from wild-
type or abi1+/2abi22/2 mice were stimulated
with plate bound anti-CD33 (10 mg/ml) for
24 hr and levels of IL-2 in conditioned me-
dium were analyzed ELISA. Results represent
mean IL-2 production 6 SEM of values. Re-
sults are representative of three independent
experiments. Asterisks represent statistically
significant differences between wild-type
and knockout cells as follows: *p < 0.05,
**p < 0.01, ***p < 0.005.
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proliferation to the levels observed in wild-type T cells de-
rived from either spleen or thymus (Figure 8B and Fig-
ureS8).TCR-inducedproliferationofsplenocytesandthy-
mocytes from abi1+/2abi22/2 mice was reduced by
approximately60%–70%relative tocontrolabi1+/+abi2+/2
mice even in the presence of 5 or 10 ng/ml IL-2 (Figure S8).
Thus, these findings suggest that loss of Abi proteins af-
fectsTCR-dependentcellproliferationvia IL-2-dependent
and -independent pathways. Together, these results
demonstrate that while the development and maturation
of T cells in abi1+/2abi22/2 mice occurs normally, TCR-
mediated IL-2 production and proliferation are signifi-
cantly impaired.
Discussion
It has generally been accepted that WASp is the principal
regulator of actin polymerization in T cells [2]. However,
this notion is inconsistent with the findings that actin poly-
merization is not impaired in several strains of WASp
knockout mice [5, 6]. Interestingly, transgenic was2/2
mice overexpressing WASpDVCA, a dominant-negative
protein that can inhibit other VCA domain-containing pro-
teins, exhibit a much stronger phenotype than mice lack-
ing WASp alone [24]. This observation suggests that other
VCA domain-containing proteins, including other WASp
family members, may regulate actin polymerization in
T cells. It is possible that the related, more ubiquitous
N-WASp compensates for the loss of WASp. However,
while deletion ofN-WASp in mice isembryonic lethal, cells
derived from these mice can still form lamellipodia and
filopodia [25,26]. Taken together, these observations indi-
cate that actin-regulatory proteins other than WASp/
N-WASp may function in T cells. Our data show that the
Abi/Wave complex plays such a role.
Notably, while WASp is activated by Cdc42, the Abi/
Wave complex signals downstream of activated Rac
[7]. Rac proteins have been identified as critical regula-
tors of T cell signaling [23, 27–29]. Indeed, T cells from
rac22/2 mice have impaired actin polymerization after
TCR crosslinking [23]. However, little is known regarding
the effectors that transmit signals from Rac to the actin
polymerization machinery in T cells. Rac effectors, such
as the p21-activated kinases (Paks), are involved in
Rac-mediated cytoskeletal regulation [30]. Results
from studies with an activated effector mutant of Rac
(L61C40Rac), which cannot bind CRIB domain-contain-
ing proteins such as Pak, suggest that Rac-mediated
regulation of the cytoskeleton is independent of CRIB
domain-containing proteins and that Paks may not be
required for Rac-mediated cytoskeletal modulation
[28, 31, 32]. We propose that the Abi/Wave complex,
which is recruited specifically to activated Rac via the
Sra1/PIR121 protein, which lacks a CRIB domain, is
the primary Rac target for signaling to the actin cytoskel-
eton in T cells.
We show that Abi and Wave exist in T cells as part of
a preassembled complex that is unaltered after cell
stimulation. After antigen presentation by B cells, the
Abi and Wave proteins translocate to the T cell:B cell
contact site, where localized actin assembly takes place
[1]. Our observations support a model whereby Rac is
locally activated at the contact site and binds Sra1/PIR121, which is constitutively associated with the
Abi/Wave complex in T cells (see model in Figure 4B).
This results in the recruitment of the entire complex to
the contact site, leading to initiation of Arp2/3-depen-
dent actin nucleation. It is also possible that other mo-
lecular interactions involving the Abi/Wave complex
contribute to targeting the proteins to the contact site.
Wave contains a PtdIns(3,4,5)P3 binding site that is re-
quired for proper targeting of Wave to the leading
edge in fibroblasts [33]. This Wave domain may contrib-
ute to retention of the Abi/Wave complex at the IS. In any
case, our data support a spatial restriction model in
which the ability of the Abi/Wave complex to polymerize
actin at the T cell:B cell contact site is regulated by its
localization.
Actin polymerization is required for TCR signaling
leading to IL-2 production and proliferation [2–4]. Mice
deficient in cytoskeletal regulators such as Rac2,
PKCq, or WIP exhibit T cell phenotypes in which loss
of actin polymerization correlates with deregulated sig-
naling leading to altered transcription, IL-2 production,
and proliferation [21–23, 34, 35]. Similarly, defects in actin
polymerization exhibited in T cells from abi1+/2abi22/2
mice correlated with reduced TCR-dependent IL-2 pro-
duction and proliferation (Figures 7 and 8). Thus, we pro-
pose that TCR-mediated activation of the Abi/Wave
complex leads to actin polymerization, which subse-
quently affects IL-2 production and proliferation. We
cannot, however, rule out the possibility that the Abi pro-
teins may regulate actin independently of the Wave
complex. Abi1 can form a complex with the adaptor pro-
tein EPS8, the GEF Sos, and the p85 subunit of PI3 ki-
nase. This complex confers Rac-GEF activity to Sos
[16, 36, 37]. Thus, the Abi1/EPS8 complex can regulate
actin remodeling downstream of growth factors and
Ras by modulating the activation state of Rac. To our
knowledge, such a complex has not been detected in
lymphocytes. It is also possible that Abi proteins can
regulate TCR-mediated actin reorganization through as-
sociation with dynamin [38, 39]. Dynamin2 was recently
shown to regulate the actin cytoskeleton in T cells, pos-
sibly through its association with the GEF Vav1, a critical
regulator of Rac and actin in T cells [38]. Moreover, the
role of Abi in regulating TCR-induced IL-2 production
and proliferation may be separate from its ability to reg-
ulate actin, as has been described for WASp [5, 40]. In
this regard, it was recently reported that Abi1 binds to
and activates the N-WASp protein [41]. Abi1 and
N-WASp were shown to regulate endocytosis of the
EGF receptor tyrosine kinase and also modulate actin-
based vesicular transport in HeLa cells. However, we
did not observe any defects in TCR endocytosis in
Jurkat T cells or primary mouse T cells deficient for
Abi family proteins. It is possible that Abi proteins may
regulate yet to be identified WASp-dependent pro-
cesses in T cells. In addition to regulating actin polymer-
ization in T cells, Abi proteins may play a role in other as-
pects of T lymphocyte biology, and future studies will
examine the involvement of the Abi protein family in im-
mune function in vivo.
Conclusion
In this report, we identify the Abi/Wave protein complex
as a critical regulator of actin polymerization at the
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45T cell:B cell contact site. Abi and Wave translocate to the
T cell:B cell contact site in the presence of antigen,
where they colocalize with actin. Decreased Abi or
Wave protein expression impairs actin polymerization
after T cell activation. Significantly, primary T cells de-
rived from Abi1/Abi2-deficient mice exhibit decreased
TCR-mediated IL-2 production and proliferation. To-
gether, these data demonstrate for the first time a role
for the Abi/Wave complex in TCR-mediated T cell acti-
vation.
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